ABSTRACT. Previous studies have shown a decreased responsiveness of young lambs to isoproterenol, a P-adrenergic agonist, when compared to older lambs. To see if this decreased responsiveness of immature lambs is secondary to an abnormality of the P-adrenergic receptor/ adenylate cyclase complex, we compared the effects of isoproterenol to forskolin, a direct activator of the catalytic subunit of adenylate cyclase. In isometrically contracting right ventricular trabeculae from five lambs (5-13 d old), the maximal developed tension with isoproterenol (875 2 84 mg, mean 2 SD) and forskolin (704 + 189 mg) was similar. However, the median effective dose for isoproterenol (5.3 f 3.4 x lo-' M ) was significantly less than the minimal median effective dose for forskolin (2.5 + 1.3 X M) indicating a lesser sensitivity to forskolin. In eight conscious resting lambs (4-13 d old) we measured the hemodynamic response to graded infusions of isoproterenol and forskolin. At maximal dosage, the increase in cardiac output was significantly greater with isoproterenol (+130%) than forskolin (+55%). Heart rate also increased more with isoproterenol than forskolin. These data show that direct stimulation of adenylate cyclase in young lambs does not provide better inotropic or chronotropic responses than P-adrenergic stimulation with isoproterenol. This suggests that the decreased 8-adrenergic responsiveness in newborn lambs is secondary to abnormalities that exist beyond the level of the P-adrenergic receptor/adenylate cyclase complex. (Pediatr Res 25:580-584)
Previous studies have shown that young lambs, when compared to older lambs, have a limited ability to increase cardiac output (1) and contractility (2) in response to inotropic stimulation with p-adrenergic agonists, such as isoproterenol. The reason for this decreased responsiveness to P-adrenergic stimulation is unclear. It has been suggested that the newborn lamb myocardium is operating at a high resting P-adrenergic state with little reserve to increase cardiac output in response to further (3-adrenergic stimulation (2) . However, Friedman (3) showed the P-receptor sensitivity to catecholamines to be similar in adult and fetal myocardium, supporting the notion that sympathetic innervation is incomplete or functionally immature in the heart of the fetus or early newborn. Because of similarities in Padrenergic receptor density and affinity, and in adenylate cyclase activity between fetal and adult myocardium, it has also been suggested that this decreased responsiveness to P-adrenergic stimulation is due to developmental differences that occur at a level beyond the P-adrenergic receptor/adenylate cyclase complex (4, 5) .
Forskolin is a diterpene derivative with the ability to rapidly and reversibly activate the intracellular catalytic subunit of adenylate cyclase without interacting with the guanyl nucleotide regulatory subunit, thus stimulating CAMP production directly (6, 7) . Forskolin stimulates adenylate cyclase to a greater extent than isoproterenol in both normal human hearts and in hearts from patients with congestive heart failure (8). Inasmuch as hearts from patients with congestive heart failure have a reduction in B-adrenerrzic receDtor density and/or P-adrenergic receptor/adenylate cyzase coupling (9); the advantage offorskolin over isoproterenol lies in its ability to stimulate adenylate cyclase directly and not depend on P-adrenergic receptor density, or coupling to adenylate cyclase.
If the etiology of the decreased responsiveness to P-adrenergic stimulation is due to an abnormality of P-adrenergic receptor density or p-adrenergic receptor/adenylate cyclase coupling, then forskolin would produce relatively greater effects in immature lambs and might be a better inotropic and chronotropic agent to use in the newborn period. The purpose of this study was to examine the in vitro myocardial inotropic effects and in vivo hemodynamic effects of forskolin in young lambs and to compare these effects to isoproterenol.
MATERIALS AND METHODS
In vitro s~udies. We examined the effects of forskolin and isoproterenol on the isolated right ventricular trabeculae of five young lambs, age 5 to 13 d old (mean 10 d). The lambs were anesthetized with intravenous ketamine, 20 mg/kg. The animals were then intubated, and the hearts immediately excised and placed into ice-cold, oxygenated physiologic salt solution. Eight trabeculae from the free wall of the right ventricle were removed from each heart. Trabeculae of approximately 1 mm in diameter were used, and were removed from the heart at a uniform size of approximately 6-7 mm in length. Each muscle was then attached to a force displacement transducer by means of a gold chain attached to plastic clips and placed in eight separate 80 ml tissue baths at a temperature of 37" C containing physiologic salt solution (in mM, 1 18 NaCl, 4.0 KC1, 1.2 MgS04, 24.0 NaHC02, 1.2 Na2P04, 2.5 CaCI2, 5.0 dextrose). Each muscle was gradually stretched to attain maximal resting tension. The degree of stretch (preload tension) was approximately 1.0 g in all cases. Actively developed tension was calculated as the difference between total developed tension during pharmacologic intervention and resting tension. Isometric contraction was generated by field stimulation through platinum electrodes placed parallel to the long axis of the muscle that delivered a 3 Ins square-wave impulse at a rate of 1.0 Hz. The tissue was equilibrated in the physiologic salt solution for 90 min. All recordings were made on an eightchannel recorder with light-sensitive paper. Four of the trabecu-58 1 lae were given forskolin and four were given isoproterenol. Increases in concentration of the agonists between and M were added in a cumulative fashion. Isoproterenol doses were increased every 2 min. Forskolin doses were increased every 8 min since preliminary studies had demonstrated a slower onset of action.
I n vivo sttldies. We examined the hemodynamic response to graded infusions of isoproterenol and forskolin in eight conscious resting lambs, age 4-13 d old (mean 6 days). On the day before the study, the lambs were anesthetized with ketamine, 10 mg/kg intramuscularly. We then advanced polyvinyl catheters from a peripheral artery and vein into the aorta and inferior vena cava for measurement of aortic pressure and infusion of medications, respectively. We inserted a 5 F balloon-tip thermodilution catheter from the internal jugular vein into the pulmonary artery. During insertion, we obtained Hb oxygen saturations in the right atrium, right ventricle, and pulmonary artery to rule out any left to right shunting. After at least 1 d of recovery, the lambs were weighed, blindfolded, placed erect in a sling, and studied in a room with temperature controlled at 22-25" C. We made continuous measurements of aortic pressure, pulmonary artery pressure, heart rate, and the ECG and recorded them on a Honeywell multiple-channel recorder (Honeywell Inc., Denver, CO) with light-sensitive paper. We measured cardiac output by the thermodilution method and measured pulmonary capillary wedge pressures by intermittent balloon inflation of the pulmonary artery catheter.
We performed two protocols on 2 separate d. On 1 d we gave a continuous intravenous infusion of forskolin in an ascending dose fashion from 1-100 nmol/kg/min (0.4-40 pg/kg/min). On another day we gave a continuous intravenous infusion of isoproterenol in an ascending dose fashion from 0.1-20 nmol/kg/ min (0.025-5 pg/kg/min). In all studies except one, forskolin was administered first, followed by isoproterenol. The number of days between the studies was 1 d in 7 of the lambs, and 3 d in one lamb. Forskolin was dissolved in anhydrous DMSO and further diluted to the desired concentration with sterile water.
Both drugs were infused at each concentration at a rate of 0.15 ml/min. We obtained hemodynamic measurements at each dosage level of each drug.
DMSO was administered to four of the lambs as a vehicle, and no significant changes were noted in any of the measured hemodynamic parameters.
Statistics. Statistical comparisons between means were compared using the paired and unpaired Student's t test with Bonferroni correction for multiple samples. Values with p < 0.05 were considered statistically significant. All values are expressed as mean f SD.
RESULTS
In vitro studies of the right ventricular trabeculae from five young lambs demonstrated no significant difference in the maximal-developed tension between trabeculae treated with isoproterenol (875 + 84 mg) or forskolin (704 + 189 mg). However, the EDSO was significantly less for isoproterenol, suggesting a lesser potency for forskolin (Fig. 1) . With forskolin a plateau of maximal-developed tension was not attained at a dose of 1 x M and further increases in dosage resulted in excessive spontaneous contractions and a persistent increase in beat frequency beyond 1.0 Hz. Curves demonstrating the effect of agonist on actively developed tension were developed using a nonlinear least squares curve-fitting program. Curves were modeled to a four-parameter logistic equation after the method of DeLean et al. (lo) , to find the best fit of the sigmoidal curve. For the purpose of curve fitting, a final point on the forskolin doseresponse curve (1 x M) was added at a tension similar to that attained at 1 x low5 M. Thus the calculated EDso for forskolin is a minimum EDSO because a true maximal tension could not be attained. However, using this method, the calculated minimal EDso for forskolin (2. is a minimal ED50, it is possible that the true potency of forskolin compared to isoproterenol may be even less. There was no significant difference between the slopes of the two curves.
At a stimulation frequency of 1 . O Hz, occasional spontaneous contractions of the trabeculae occurred at the higher dosages of both drugs. Alterations in rate of contraction can directly affect contractile state (1 1, 12) . In two studies, in an attempt to obviate this ~roblem. we increased the freauencv of the field stimulation to 2:0 Hz, and the occurrence of the spontaneous contractions increased, so this was abandoned. We therefore performed studies in which maximal-developed resting tension was measured in eight right ventricular trabeculae of three young lambs over the range of contraction frequency seen in this study. There was no significant difference in resting tensions between frequencies of 1.0 Hz (634 + 477 mg), 1.5 Hz (616 + 449 mg), and 2.0 Hz (605 + 447 mg).
I n vivo hemodynamic effects of forskolin and isoproterenol in eight young lambs also demonstrated a lesser responsiveness to forskolin than isoproterenol. Cardiac output increased significantly (+55%) in the lambs at the maximal forskolin dosage infusion. However, the increase in cardiac output at maximal isoproterenol dosage (+ 130%) was significantly greater (Fig. 2) . The variability of the cardiac output measurements in the lambs in this study is normal and comparable to previous studies (1 3, 14) . Similarly, heart rate increased markedly during forskolin infusion, although this was significantly less than during isoproterenol infusion (Fig. 3 ). There were no significant changes in aortic, pulmonary artery, or pulmonary capillary wedge pressures during infusion of isoproterenol or forskolin (Table I) . Inasmuch as cardiac output increased while aortic and pulmonary artery pressures did not change with administration of either drug, systemic, and pulmonary vascular resistances decreased proportionately during drug infusions, although the decrease in pulmonary vascular resistance was not significant after forskolin. Inasmuch as the studies were performed on consecutive days and the lambs were allowed a minimum of 1 d to rest between studies, the ages of the lambs and order of administration of the drugs should have no effect on the measured responses.
DISCUSSION
Inasmuch as some studies have shown that the immature heart has decreased responsiveness to P-adrenergic receptor stimulation when compared to adult hearts (1, 2), drugs that have inotropic and chronotropic actions through mechanisms separate from the P-adrenergic receptor may have advantages in this age group. The purpose of this study was to examine the in vitro inotropic and in vivo hemodynamic effects of forskolin, a direct activator of the catalytic subunit of adenylate cyclase. Forskolin is a diterpene derivative of the plant Coleus forskohlii. Forskolin has positive inotropic properties and activates adenylate cyclase in isolated heart tissue from rats, guinea pigs, and rabbits (1.5). It also has positive inotropic and chronotropic actions as well as blood pressure-lowering properties in pig, cat, and dog hearts (16) . In open-chest dogs, forskolin increases dP/dt and cardiac output, and decreases peripheral vascular resistance and left ventricular end-diastolic pressure (8) . Preliminary work in human adults has shown similar hemodynamic effects (17) .
In this study forskolin caused maximal-developed tension similar to isoproterenol in the isolated right ventricular trabeculae of young lambs. Although a true maximal-developed tension was not obtained with forskolin in this study, at concentrations comparable to or more than isoproterenol the actively developed tension was no more than that attained by isoproterenol. In fact, the greater ED5o for forskolin indicates that it has a lower potency than isoproterenol in the immature lamb myocardium. A recent study using isolated right ventricular papillary muscles showed a significantly greater degree of maximal rate of tension development with forskolin than isoproterenol in newborn (1-2 d old), when compared to immature (14-16 d old), and adult (6-7 mo old) rabbits (18) . The discrepancy with the present study may reflect species differences, or the fact that the newborn lambs (4-13 d old) in the present study were older and perhaps more mature than the newborn rabbits (1-2 d old) in the previous study.
Some spontaneous contractions were noted with both isoproterenol and forskolin in this study. In situations where sponta-
AGONIST, LOG (nmol/ kg/min 1 neous contractions occurred intermittently such that the rate of contraction was irregular, these data were deleted because of the concerns of post extra-systolic potentiation. However, in the occasional instance at the higher concentrations of both drugs when the rate of spontaneous contraction increased at a constant rate above 1.0 Hz, these data were included. The maximaldeveloped tension during these contractions was not significantly greater than that attained at the stimulated frequency of 1.0 Hz. Also, the fact that in three separate studies the maximal-developed tension achieved at rates of 1 .O, 1.5, and 2.0 Hz was not significantly different suggests that over the narrow range of spontaneous contractions and increased beat frequency that occurred in this study, there was no significant contribution to the actively developed tension with either drug. In conscious resting lambs forskolin caused a significant increase in cardiac output and heart rate but to a much lesser extent than the increases achieved by infusion of isoproterenol at lower concentrations. In all studies, cardiac output and heart rate increased during forskolin administration, but in two of the animals there was no change in either variable until the last two drug dosages. This blunted increase in cardiac output has also been seen in open-chest dogs, but this was believed to be secondary to a decrease in left atrial mean pressure which occurred to a greater extent with forskolin than isoproterenol (8) . In contrast, in the present study we demonstrated no significant difference in mean pulmonary capillary wedge pressure which would suggest there was no significant change in left atrial mean pressures. Previous work had also demonstrated a significant decrease in mean arterial pressure with administration of isoproterenol and forskolin (8) . In our study neither of these variables changed significantly, although the marked increase in cardiac output associated with no change in arterial pressure would indicate that forskolin has pulmonary and systemic vasodilating properties, although again to a lesser extent that isoproterenol. Inasmuch as systemic and pulmonary vascular resistances decreased more with isoproterenol than with forskolin, the responses that are seen may reflect greater chronotropic and vasodilating properties of isoproterenol rather than lesser inotropic effects of forskolin.
The reasons why forskolin was not superior to isoproterenol with regards to in vitro inotropic and in vivo hemodynamic responses is not clear, because forskolin produces a much greater stimulation of adenylate cyclase in myocardial membranes than isoproterenol (8) . This discrepancy may be secondary to biochemical differences between membrane preparations and intact tissues. The demonstration of a greater in vivo effect on cardiac output, heart rate, and systemic vascular resistance of isoproterenol compared to forskolin was unanticipated. One possible explanation for this is that the doses of forskolin used in this study did not achieve a maximal effect in vivo. It is also possible that the ability of forskolin to cross the myocardial cell membrane limits its effectiveness when compared to the ability of isoproterenol to stimulate the P-adrenergic receptor on the cell membrane. Thus, higher doses of forskolin may achieve results similar to or greater than those achieved by isoproterenol. Finally, isoproterenol could potentially exert a positive inotropic response by mechanisms other than adenylate cyclase stimula-tion, such that this additional effect would be additive with its more traditional CAMP-mediated response.
In conclusion, these data demonstrate that forskolin has positive inotropic and chronotropic effects on the myocardium of young lambs that are similar to, but not as marked as those caused by isoproterenol. Thus direct stimulation of adenylate cyclase in the immature lamb myocardium offers no advantage over indirect stimulation of adenylate cyclase through P-adrenergic receptor stimulation. This would suggest that the decreased responsiveness of young lambs to the P-adrenergic receptor agonist, isoproterenol, is secondary to an abnormality beyond the level of the P-adrenergic receptor/adenylate cyclase complex.
